Herein, electron beam-induced damage and recovery of a silicon thin film was investigated in situ via transmission electron microscopy (TEM). Via only controlling the electron beam flux, the damage and recovery processes could be controlled under electron beam irradiation at ambient temperature with an energy of 200 keV. Above the threshold value of the flux, the crystalline phase was transformed into an amorphous state, even formed a hole. The damage process became more pronounced with the increasing electron flux. Under this threshold value, the reverse process, including hole recovery and recrystallization, can be achieved. The effects of flux and the mechanisms regarding these phenomena have been proposed. This study can provide insights into the shaping of materials and control of their structure through high energy beam engineering.
Introduction
A high energy electron beam has been exploited for irradiationassisted engineering, such as induction of transformation from an onion-like carbon structure to diamond nanoparticles, 1, 2 drilling, cutting, and welding of nanomaterials, 3, 4 generation and control of vacancies in carbon nanotubes, 5 and induction of phase transition in materials, 6, 7 of materials. In addition to modifying the shape and structure of materials, electron beam irradiation can also change the properties of materials. For example, electron beam irradiation may induce super-plasticity of brittle silica nanospheres or nanowires, 8 enhance the strength of zinc tin oxide, 9 and improve the ductility of nanoscale materials. [10] [11] [12] As a result, a high energy electron beam may be a very powerful technique to manufacture or modify nanoscale materials. 13 Although the effects of electron beam irradiation on materials have been explored in the past, deeper investigations of some aspects, such as the function of the electron beam energy and electron beam ux, need to be carried out.
During the past several decades, a large number of experiments have conrmed that both recrystallization and amorphization processes can be achieved via high-energy electron beam irradiation of silicon. Based on these studies, it is clear that electron beam energy is a key factor that induces phase transitions including a crystalline (c)-to-amorphous (a) phase transition, [14] [15] [16] [17] [18] [19] [20] and the amorphous (a)-to-crystalline (c) phase transition. [21] [22] [23] [24] [25] [26] [27] Generally, the a-to-c transition requires lower electron energy, 21 whereas the c-to-a transition needs higher electron energy, exceeding 1 MeV. 19 Electron beam ux (density) has never been regarded as a factor to induce phase transitions. However, note that amorphization cannot be induced via electron beam irradiation in a JEOL 2010 transmission electron microscope (TEM) with a LaB 6 lament, whereas it can be induced in a JEOL 2010F TEM with a eld mission gun for the same specimen. In two different TEMs, the same accelerating voltages (200 kV) were used, where the beam energy was the same. The differentiating parameter was the electron beam ux (electron beam density). Due to excellent properties of the eld mission gun, the electron beam size could be largely decreased; this resulted in the improvement of the beam ux.
In this study, the processes of reversible amorphization and crystallization of a Si thin lm induced by electron beam irradiation have been achieved by changing the electron ux and using the same accelerating voltage (200 kV). The effects of ux and the mechanisms regarding these phenomena have been proposed.
Experimental details
The Si TEM thin lms were prepared from the [110] oriented Si single crystalline wafer via a cleavage method, which crumbly broke the Si wafer into pieces. These pieces were milled in a quartz crucible and then dissolved in ethyl alcohol. Then, the sample was subjected to ultrasonic shaking for 5 min and dropped onto a TEM supporting lm. The freshly-made, cleaved thin lms were immediately studied using a transmission electron microscope. The freshly-made TEM thin lms were free of oxidation layers along the observation direction. A JEOL-2010F high resolution transmission electron microscope (HREM) equipped with a eld-emission gun was used to provide the electron irradiation energy at ambient temperature. All experiments were carried out at a voltage of 200 kV. The direction of the incident electron beam was set to be parallel to the [110] zone axis of Si. The beam ow density in the central part of the electron beam was measured using a Faraday cage, which was factory-embedded in the JEOL-2010F TEM. Via changing the electron beam size, the ux could be controlled.
Results and discussion
Using the cleavage method, the Si TEM thin specimens with fresh surfaces were prepared. The low magnication TEM image of the thin lm is shown in Fig. 1(a) . Fig. 1(b) is the corresponding diffraction pattern, which indicates that the normal direction of the thin lm growth is [110] . Fig. 1(c) and (d) are the HREM images obtained from the framed region of Fig. 1(a) . Fig. 1(c) is the HREM image before electron irradiation, indicating a crystalline structure, whereas Fig. 1(d) is the HREM image aer electron irradiation, indicating an amorphous structure. Since electron beam irradiation could induce deposition of hydrocarbons or other contaminants, [28] [29] [30] [31] we used electron energy loss spectrometry (EELS) to detect the elements of the sample before or aer electron beam irradiation. Fig. 1 (e) and (f) are the corresponding EELS spectra, which show both Si-L 2,3 edges be about 99 eV (the edge of Si in SiO 2 is about 106 eV). [32] [33] [34] This result indicates that the observed amorphous structure is obtained from a phase transition process of silicon rather than from the pre-existing silicon dioxide or other contaminants. Fig. 2 Fig. 2 show the boundaries of the amorphous region and the crystalline area. Via comparing the two experiments, it can be concluded that the c-to-a phase transition is not only dependent on electron beam current (uence), but also dependent on ux.
To systematically investigate the effect of the electron ux on phase transition during the electron beam irradiation of Si, we selected seven different electron uxes to irradiate Si. To create a mark on the studied region, we focused the electron beam on a Si crystal of about 4 nm in diameter to puncture a hole before irradiating the specimen using these seven uxes. Then, we studied the structural evolution of the surrounding regions of the holes. Fig. 3 shows a series of HREM images that depict the a diameter of about 4 nm, and the edge was amorphized. When the irradiation time was 300 s, the hole was completely lled with an amorphous material, and the crystal below the hole transformed to the amorphous state. Moreover, the edge region collapsed into the inside. When irradiation was continued, the amorphous region began to shrink. In Fig. 3 (e) and (f), this trend can be observed. Recrystallization is a process of epitaxial regrowth, which could be seen from its same crystal structure. The dashed lines in Fig. 3(d)-(f) show the boundary of the amorphous region.
Through the abovementioned experimental results, it can be concluded that recrystallization can take place when the electron ux is relatively low. However, the amorphization process occurred when the electron ux was improved. Fig. 4 shows another series of HREM images that depict the evolutional process under electron beam irradiation with a ux of 13 Â 10 20 e À cm À2 s
À1
. The experimental process is the same as the abovementioned experiment. First, we made a hole in a perfectly crystalline Si using a focused electron beam, as indicated in Fig. 4(b) . Fig. 4(a) is an original HREM image before irradiation. Fig. 4(c)-(f) show the evolutional process aer irradiation with a ux of 13 Â 10 20 e À cm À2 s À1 . In Fig. 4(c) ,
we can see that the hole was completely lled with an amorphous material when the irradiation time was 300 s, and the edge region began to amorphize, as indicated in the A region. When irradiation was continued, the amorphous region began to extend; this was different from the abovementioned recrystallization process. The B, C, and D regions show the evolution of amorphous regions, as indicated in Fig. 4 Fig. 5 ; Fig. 5(a) and (b) show the variation in the velocity of recrystallization/amorphization with the electron ux, respectively. Compared to the previous studies indicating that the electron energy needed to be higher than 1 MeV and a temperature lower than 25 K was necessary for amorphization of Si, the present investigation indicated that the amorphization of Si could take place under a 200 kV electron irradiation and at a temperature close to room temperature. This can be attributed to the high ux provided by the eld emission gun of a TEM. According to the previous studies on ion irradiation, temperature, ion mass, incident energy, and ux were the main factors that inuenced the irradiation-induced amorphization process. 23, [35] [36] [37] [38] However, for the investigation of electronirradiation-induced recrystallization/amorphization of Si, the inuence of ux has not been considered to date. However, our experiments clearly showed that the irradiation effect was obviously different with a same electron dose. In addition, we also demonstrated that the ux was a key factor to decide whether the amorphization/recrystallization could take place when the incident electron energy was xed (for example, at 200 kV).
In the past, it has been well known that the electron beam irradiation itself can play two roles in materials, namely amorphization and recrystallization. The mechanisms of these two processes have been investigated for many years. Since the recrystallization and amorphization processes can be induced by a temperature effect, the temperature increase caused by electron irradiation should be considered. The temperature increase can be obtained from the following formula
where I, k, e, b, and r 0 are the beam current, thermal conductivity, electron's charge, sample radius, and beam radius, respectively. DE is the total energy loss per electron in a sample of thickness d. According to the calculation obtained from ref.
21, the maximum temperature increase for Si was less than 2 C.
In addition, the experimental observation at high beam current shown in Fig. 2 was opposite to what would be expected from signicant beam heating effects (i.e., if beaming heating was signicant, a crystallization process would be expected while enhancing the beam current density). Thus, the mechanism of recrystallization or amorphization due to the heating effect resulting from electron beam irradiation can be excluded in the present study.
In fact, when a highly energetic electron strikes the atoms of a target, many physical processes can take place, 39 including ionization and displacement (knock-on) effects, which are two important irradiation effects for recrystallization or amorphization. Ionization is a process where incident electrons transfer their energy via inelastic interactions with the target atoms to induce localized electronic excitations. This ionization process alone cannot make the crystallization and/or amorphization process to happen. Many studies indicated that the ionization effect could decrease with the increasing acceleration voltage of electrons.
14,40 Due to our acceleration voltage of 200 kV, which was much higher than the displacement threshold voltage 145 kV for Si, 21 the ionization effect became negligible, and the knock-on effect should be considered to dominate. Above the threshold voltage, the point defects were usually described by the displaced atoms or Frenkel pairs that could be generated.
Moreover, these Frenkel pairs, that is, Si interstitials (I) and vacancies (V), were mobile and could interact with each other under irradiation. When Si interstitials interacted with vacancies, it was considered that they recombined 41 although there might be an energy barrier for this recombination. 42, 43 Thus, two competitions between generation and annihilation of IV pairs will occur. 44, 45 The incident electron energy, the temperature, and the ux played interdependent roles in these two competing processes. The beam current could be considered to be only a factor that affects the degree of the amorphization/ recrystallization. In our research, the incident electron energy and the temperature were xed, and the only condition that was changed was the ux. The ux, the density of fast electrons that penetrated through the irradiated specimens, determined the velocity of the generation/annihilation of IV pairs. When ux was lower than the threshold value, the annihilation velocity (V a ) of IV pairs was larger than the generation velocity (V g ), and then, recrystallization occurred. With the increasing ux, the recrystallization velocity was promoted (i.e., V a > V g , similar to the study of apatite 27 ). Although the generation of pairs will increase, the general annihilation ability is improved due to the enhanced motion of defects when the ux is under the threshold value. Once the ux is higher than the threshold value, the generation velocity of IV pairs will exceed the annihilation velocity. Then, the amorphization was induced, and with the increasing ux, the generation velocity was far more than the annihilation velocity (V g [ V a ).
Note that electron irradiation will not only lead to the formation of interstitials, vacancies, and IV pairs, but also promote the complex interactions among these point defects.
Many of the single IV pairs, vacancies, and interstitials were highly mobile point defects during irradiation and would not always annihilate, but clustered to form point-defect-complexes (PDC). Compared to single vacancies or IV pairs, the sizes of these PDCs were much larger, and they were more stable and acted as nucleation embryos for trapping other defects and initiating the amorphization of Si. When the electron ux was higher than the threshold values, these higher uxes increased the generation rate of point defects, and the high point defect density enhanced the formation of PDC that promoted amorphization of Si. It should be emphasized herein that the structure of the amorphous Si could only be a distorted local structure, which slightly deviated from the perfect diamond cubic crystalline phase (six-atomic rings 46 ) via the formation of ve or seven atomic rings 47 in a short range distance and retained the skeleton of the crystalline framework. Once the electron irradiation ux lowered the threshold values (i.e., at lower uxes), the low defect density favored the reaction of inter-annihilation (i.e., the mobile interstitials or vacancies jumped into free volumes of the amorphous matrix to recover the initial crystalline network). Then, the crystallization process was initiated, and it followed an epitaxial way within the Si crystalline template. Under these threshold values of ux, the higher ux enhanced the mobility of these defects and therefore the crystallization velocity. In other words, the annihilation rate of these point defects was not constant with time, but depended in a complex way on the ux (defect density). This can also explain the previous results well. In ref. 35 , on comparing the dual-irradiation (Kr + and electron) and the Kr + irradiation in Si, it was observed that the latter became amorphous early during the irradiation period. We considered that the irradiation via the electron beam with a ux of 5.7 Â 10 19 e À cm À2 s
promoted the recrystallization process during the dualirradiation in their research. 35 However, in ref. 19 , the electron beam irradiation-induced amorphization can be considered to be derived from the larger ux of 1.8-2.6 Â 10 20 e À cm À2 s À1 , which is similar to the present study.
Conclusion
In conclusion, we have demonstrated two reversible processes of amorphization and recrystallization under 200 kV electron irradiation via varying the uxes in Si. As a result, rewritable and erasable functions may be realised by using an electron beam to change the uxes for Si applications. Moreover, the study provides insight into the amorphization and recrystallization mechanisms of Si under a radiation environment.
